a b s t r a c t Suspended particle measurements over flood and ebb transects of a Norwegian fjord (Fraenfjorden) with an active submarine mine tailings placement are presented. Measurements focused on characterisation of spatial variability in particle and floc size, and determination of suspended mine tailing concentrations. Such information is crucial for understanding transport and flocculation dynamics, which in turn can contribute to improvements of numerical models, and thus to more accurate predictions of settling fluxes and transport processes. Multiple instruments were used to ensure that all relevant particle sizes could be observed. These included a LISST-100x, a LISST-Holo and a bespoke particle imaging system, which were deployed together on a profiling frame at multiple stations transecting the fjord. Measurements were obtained close to the high-concentration plume from the tailings discharge and extended several kilometres horizontally. We observed a combination of few-micron fines, densely packaged flocs and large string-like flocs, several mm in length; a range which could not be captured by a single instrument. Such a range of floc sizes and complexities has significant implications for the transport and settling of the material suspended within the fjord.
Introduction
Mining in Norway is currently in a phase of increased growth and subject to evolving environmental regulations and requirements. For many mines, both in Norway and globally, sustainable waste management remains the main challenge, as they often produce large quantities of waste rock and tailings from landbased mineral processing during resource extraction (Skei, 2013) . To overcome problems with deposition of this waste, some mines place their tailings at the sea floor of fjords as submarine tailings placements (STPs) (Dold and Bernhard, 2014; Ramirez-Llodra et al., 2015; Skei, 2013) . In Norway, there are currently 33 sites that have been identified as possible locations for STPs, of which 6 are active today (Ramirez-Llodra et al., 2015) .
The best available techniques should be used to ensure that the environmental impact from STPs are reduced to an absolute minimum, and that ecosystems are given the chance to recover as quickly as possible following the closure of mines. The discharged mine tailings have the potential to affect sea bed ecosystems, through smothering, change of grain size or dissolved metals and chemical toxicity, as well as organisms living in the water column, * Corresponding author.
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either through dissolved substance toxicity or from suspended fine-grained tailings (Doe et al., 2017; Morello et al., 2016; Tye et al., 1996) . It has been long known that pelagic filter feeders can ingest mineral particles upon exposure (Anderson and Mackas, 1986; Kach and Ward, 2008) , and more recently, it was shown that fine-grained mine tailings can also attach to the surface of a calanoid copepod species (Calanus finmarchicus) (Farkas et al., 2017) . No acute effects were observed in that study, but longer term effects from the mine tailings could not be ruled out. The potential for environmental exposure of such organisms to fine grained tailings is therefore important to assess. In addition, large flocs can act as carriers of hazardous substances (Lyons et al., 2005) and increase the exposure of contaminants on the seabed due to the loosely-packaged sediment layer that forms from floc settling (Milligan and Law, 2013) . Knowledge on how best to dispose of mine tailings in the marine environment to minimise ecological impacts requires a detailed understanding of exposure pathways and mechanisms of biological impact, which in turn requires a thorough understanding of the transport mechanisms.
A key process determining the transport and fate of mine tailings in the sea is aggregation, or flocculation, whereby small mineral particles collide with each other and with biological and mineral particles already present in the water, to form flocs of various shapes, sizes and densities. This alters the fate and transport of the discharged material by changing the settling behaviour of the particles (Hill et al., 2000; Skei and Syvitski, 2013) . Two things change in relation to particle settling fluxes that result from flocculation: (1) increase in particle size; (2) decrease in particle density. The result is the formation of flocs which sink faster than the individual component particles (flocculi) but slower than would be predicted from solely the increase in size and no consideration of reduction in density (Mikkelsen and Pejrup, 2000; Graham and Nimmo-Smith, 2010b; Bowers et al., 2014) . This means that some large flocs have the potential for significant horizontal transport if their density is sufficiently low. In order to understand the degree to which flocculation alters these transport processes it is necessary to characterise the size distribution and concentration of particles using methods that span a size range of several orders of magnitude. A single instrument or technique cannot obtain measurements over such ranges (Boss et al., 2015) . Thus, a combination of instruments must be adopted (Mikkelsen et al., 2005; Reynolds et al., 2010) .
Here we present detailed in situ measurements of the distribution of suspended mine tailings within Fraenfjorden, Norway, where approximately 35 mt/h of dry mass material is discharged into the fjord in a solution of saline water with approximate drywet ratio of 8%. These measurements were targeted at obtaining information at multiple locations throughout the fjord, covering flood and ebb flows and intersecting the STP area. Detailed information about the nature of the particle populations present was also of interest in order to assess the degree to which flocculation may affect the fate of discharged material. This insight is necessary in order to improve our understanding of environmental consequences within the pelagic zone, and ultimately within the benthic zones following sedimentation.
Study site
The STP site investigated is located in Fraenfjorden, near the city of Molde, Norway (see map in Fig. 1 ). Owned by Omya Hustadmarmor AS, the STP has been in operation since the early 1980s. The main component of the discharged tailings is calcium carbonate from limestone production, with a significant fraction of very fine particles (31% less than 2 µm, and 71% less than 20 µm. Before discharge, the tailings, which contain some residual fresh water, are mixed with sea water for an approximate final concentration of 8% solids. For more information, see Ramirez-Llodra et al. (2015) .
Fraenfjorden is a narrow and shallow fjord, connected to the larger Romsdalsfjord on the outside (Fig. 1 inset) . The main part of the fjord extends east-west about 7 km and is about 1 km wide.
Depths are mostly less than ∼70 m in the inner part of the fjord.
The mine tailings discharge was located at UTM coordinate 404 000 E, 6 969 600 N, and a depth of 20 m at the time of this study (June 2015).
Method
Two acoustic current profilers were deployed on bedframes, one close to the main inlet to the fjord, and one close to the release point (red markers in Fig. 2 ). These provided a three-day timeseries of water column currents at each location.
A suite of instrumentation for quantifying the size distribution and concentration of suspended particles was deployed from a profiling frame (Fig. 3 ) along flood and ebb transects, comprising a total of 33 profiling stations. Each station where profiles were obtained is plotted as a green marker in Fig. 2 . Turbidity -a relative measure of the optical clarity of the water -was measured Fig. 4 . Photograph of the instrumentation mounted on the profiling frame. The LISST-HOLO, LISST-100 and SilCam were mounted such that the sample volumes were unaffected by wake from the frame during profiling.
using an OBS (optical backscatter sensor) attached to the CTD (Conductivity, Temperature, Depth). The size of the green markers in Fig. 2 is proportional to the maximum measured turbidity (plus a minimum size offset). Particle size distributions (PSDs) and concentrations over the range of 5-8000 µm were measured using a combination of the LISST-100x, LISST-Holo, and a bespoke particle imaging system (called SilCam for convenience) designed for measurements of large particles in high concentration (Davies et al., 2017) . These instruments (Fig. 4) were selected for their ability to measure suspended material in situ with minimal disruption to the particles being measured. This is of critical importance when studying flocculated materials because flocs are sensitive to turbulent shear (Hill, 1998) .
The LISST-100x is a Laser In Situ Scattering and Transmissometer, which uses the principles of forward-angle light scattering to estimate the size distribution and concentration of particles (Agrawal and Pottsmith, 2000) . The instrument can make this quantification in the size range of 2.5-360 µm, using the nonspherical inversion matrix (Agrawal et al., 2008) .
The LISST-Holo is an in situ holographic camera, which uses inline digital holographic imaging (Owen and Zozulya, 2000; Graham and Nimmo-Smith, 2010a ) to obtain in-focus particle images at all depths along the 5 cm path length. The system can quantify particles within a range of 30-2000 µm in diameter.
The SilCam imaging system (Davies et al., 2017) uses the principles of transmittance and silhouette imaging, together with telecentric optics, to obtain in-focus particles within a 10 mm path length. The system can quantify particles over the range of 56-8000 µm in equivalent circular diameter. The equivalent circular diameter is the diameter of a circle of equal area to the particle in question, and is used as a metric for size measurements when imaging particles of a wide variety of shapes. It is worth noting that this metric for estimating particle size is based on a projected area, and can therefore be subject to some errors in cases where elongated particles are seen end-on such that the longest axis is not visible. However, this error becomes reduced for in-situ measurements where particle orientations are often random. The
SilCam system has a large imaging area (35.2 mm × 29.4 mm) and high sampling frequency (up to 15 Hz) in comparison to the LISST-Holo. This gives reliable statistics for the particles larger than 2 mm, where the LISST-HOLO image area and low acquisition frequency starts to become limiting when used as a profiling instrument. The volume of water quantified is therefore a combination of the instrument sample volume and acquisition frequency.
Typical volumes of water sampled per profile were: ∼6 L/profile, ∼0.02 L/profile, and ∼15 L/profile for the LISST-100x, LISST-Holo and SilCam, respectively.
The choice of a 10 mm path length for the SilCam system was made to enable measurements of high concentrations of large particles close to the release point. The LISST-100x and LISSTHolo were both deployed with standard 50 mm path lengths to quantify small particles in lower concentration further away from the release site. As optical backscatter is also primarily sensitive to small particles (Davies et al., 2014) , the gain setting of the OBS was selected to obtain greater detail of the lower turbidity regions, as opposed to the area close to the release.
Results & discussion
Data from the two current profilers show that the main circulation within the fjord is controlled by a diurnally-asymmetric, tidally-driven flow (see Fig. 5 ). The circulation close to the release point was harder to interpret, likely due to a more complex flow regime within this area of the fjord. Fig. 6 shows the variation in turbidity with depth for all stations, separated by ebb and flood tide and projected onto an EastWest grid. Density contours are shown together with the turbidity colourmaps, with depth-and location-averaged values shown in the outer plots. Three key features are evident in the spatial variation in turbidity: (1) The highest turbidity is found directly below the release point, where the OBS response saturated; (2) The upper extent of the plume of discharged material was always below the pycnocline (at approximately 8 m depth) and often several metres below the pycnocline; (3) There exists an area of high turbidity to the East of the release point below depths of approximately 25 m. These three observed features are persistent over both flood and ebb measurements, thus implying some degree of tidal pumping or residual circulation that acts to retain the material to the East of the release.
In the high-concentration area close to the release (possibly inside the plume), the median particle diameter (d 50 of the volume distribution) was approximately 300 µm. This area was too concentrated for reliable LISST-100 measurements without the path reduction module (as the transmission through the instrument path length was less than 40%), and was also sufficiently concentrated to saturate the OBS. However, due to a dominance of relatively large particles, this concentration was within a reliable limit for the SilCam system with the shorter, 10 mm path length. Fig. 7 shows the total volume concentration of particles of 56-360 µm, as measured by the SilCam. The trends seen in the SilCam and turbidity are consistent, with the exception of areas where there is a dominance of small particle concentrations (supported by LISST-100x observations). In these areas turbidity shows a signal that is not resolved by the integration of the 56-360 µm range of the volume distribution. Some of the results from LISST-100x occasionally contained features that were difficult to explain, and also inconsistent with turbidity and the SilCam. However, using the in situ image data, it was possible to perform quality control measures on the LISST100x data. For example, regions of contamination due to Schlieren (optical inhomogeneities, mostly around the pycnocline at 8 m) were identified in images from the LISST-Holo and SilCam, and were discarded from the LISST-100x data (see Mikkelsen et al., 2008 for further details), and two profiles were discarded due to fouling of the optical windows.
From the point of release, a high concentration of initially small particles are dispersed in the form of a dense plume, which take approximately 60 s to fall the 20 m distance from the release point to the seabed, according to plume modelling. The bulk of the released material is expected to be transported to the seabed within this plume. Some material, however, escapes the plume and becomes suspended in the water column for a longer period. While it was not possible to obtain observations sufficiently close to the release point to observe the initial size distribution exiting the discharge pipe, measurements down-tide of the release indicate that the flocculi (small, strong flocs comprising only a few primary particles) diameter is approximately 15 µm. (Fig. 2) . The mean size distributions over the depth range of 30-40 m are shown in C.
particle size occurs over a vertical distance of no more than 10 m. Such an increase could be induced by rapid flocculation occurring within the plume, where particle collision frequencies are high. Advection is also likely responsible for exaggerating the apparent effect of flocculation in this case, as the fine particles between 25-32 m depth are those which have separated from the dense plume below. An increase in particle size due to flocculation within plumes such as this has also been reported by other studies of in-situ particle size distribution variability (Mikkelsen and Pejrup, 2000) .
While it is difficult to use the present observations to accurately pin down the transport history of the material, the lack of fine particles at depth would suggest that they are not transported upwards from the seabed. This is because we observe a shift in d 50 that is consistent with a shifting modal size in a relatively constant-width log-normal size distribution. If the particles were sourced from an upwards transport mechanism (i.e. from the bottom of the plume or resuspension from the seabed), there would be a vertically-homogeneous concentration of fine material, while coarser material would decrease in concentration away from the seabed.
The mean size distributions from the LISST-100 and the SilCam systems between depths of 30-40 m at STN28, are shown in Fig. 8C . In this case, the value of combined technology for characterising particles is clear, as the LISST-100 shows an explainable variability in the distribution of the fine material that is not resolved by the SilCam, while the high concentrations of larger material at depth is not well resolved by the LISST-100 because the concentration and particle size are approaching the limits of the capability of the instrument.
Large and compact flocs (∼300 µm and upwards) forming in close proximity to the release are not transported far horizontally. These flocs are likely to be high in density with little interstitial water, as can be seen in the montage of particle images selected from the 30-40 m region at STN28 (Fig. 9) .
The montages shown in Fig. 9 (and also Fig. 10 ) are intended as a qualitative illustration of the type and variability of particles within the region represented. They are constructed using a packaging order that iteratively fills the canvas of the figure region, which approximately retain the original particle size distribution (via uniform sampling of the calculated PSD). Therefore it should be noted that the separation of particles in the montages is not necessarily representative of reality-in a high concentration situation the separation between plotted particles will be larger than reality, and vice versa in a low-concentration situation.
A stranded population (Kranck, 1980; Milligan et al., 2007) of small particles are retained within a layer at about 20-25 m depth, and transported horizontally either side of the release point (Fig.  6 ). The concentration of this fine material decreases with distance from the release, until reaching a non-detectable limit (on the Fig. 10 . Montage of randomly-selected particle images throughout the entire water column from STN02 (Fig. 2) . Particles smaller than 360 µm are not included. OBS) around 3 km west from the release point. These fines likely constitute the smallest particles from the discharge, or the smallest flocculi that cannot be broken any smaller, as there is a sharp separation between the sizes of material advected horizontally and the material sinking immediately below the release.
A remaining question on the fate of the fine material is why the concentration reduces below the detectable limit of the OBS. This may be due to area dispersion and dilution effects, or due to aggregation into larger flocs which settles out of suspension. This question has implications for environmental impact, as low concentration fines can remain in suspension indefinitely and increase the exposure to pelagic organisms, while flocculated sinking material will increase seabed loading and exposure to benthic organisms. The reality is likely a combination of both, the relative proportions of which will be subject to seasonal variability in particle stickiness, 'background' particle concentrations (both biological and inorganic), and hydrodynamic conditions (Engel, 2000; Fettweis and Baeye, 2015) .
In addition to the advected fines and high-density flocs, an area containing very long, string-like, low-density flocs (megaflocs) was observed to the west of the release below approximately 25 m (see Fig. 11 ). In this area some large macroflocs where also seen, but we focus on the string-like megaflocs in the following discussions.
While the advected fines can be identified by a 15 µm peak in the PSD, the low-density flocs are actually similar in median equivalent circular diameter to the high-density flocs close to the release (due to the string-like nature of the megaflocs leading to a small projected area relative to their length). There are two circumstantial aspects supporting the hypothesis that the megaflocs are low in density relative to the similarly-sized flocs close to the release: (1) they are found a substantial distance from the release point and relatively high in the water column, and (2) they appear more complex and string-like in nature when examining particle images from the SilCam (Fig. 10) .
Based on the observations of many long, string-like flocs seen in images from the SilCam, it appears that chain-forming diatoms may contribute a significant proportion of suspended organic material occurring naturally within the fjord-at least during the time of measurement (June). Several studies have investigated aggregation and settling of particulate material relating to diatoms (e.g. Engel, 2000 and references therein). A similar flocculation process between inorganic material and diatom chains has been observed in other coastal sites (Cross et al., 2014) . Flocculation between these diatom chains and the advected fine fraction of the mine tailings could therefore act to retain the tailings high in the water column. This type of phytoplankton-mineral flocculation implies that there is potential for significant seasonal variation in floc formation within the region, with a greater presence of the largest, string-like flocs coinciding with a spring diatom bloom. If this is the case, floc size and settling flux could have seasonally variability associated with diatom chain abundances. It is also worth noting that it is likely that such flocs would not be identifiable without particle imaging, as optical scattering measurements will be more sensitive to the smaller, dense components within these flocs, and be relatively insensitive to the diatom (or stringy feature) itself (Graham et al., 2012 ).
The question of particle orientation may also be of interest, especially in attempting to understand the implication of preferentially-oriented elongated particles in particle collision cross-sections and in optical measurements that are sensitive to the scattering cross-section (Manning, 2004; Milligan, 1995) . Elongated particles recorded here were observed in many orientations. Thus, we do not envisage that the imaging volume of the SilCam is contributing to significant alignment of long particles, although instrument-induce turbulence cannot be ruled out in a possible cause for this observation. It may be the case that if there exists a current shear layer, elongated particles may 'fall over' and preferentially orient themselves to align with the streamlines of the flow. This could be an important topic for further study in detailing the responses of multiple measurement techniques in environments which may induce preferentially-oriented elongated particles. Another case which could induce preferential orientations of long particles is an uneven distribution of density along the length of the particles, resulting in one end being less buoyant than the other.
The low-density flocs and high-density flocs have very similar PSD shapes. This implies multiple settling velocities for flocs of equal equivalent diameter. Further work in quantifying the bounds of this range of settling velocities could be usefully applied to modelling the fate and transport of flocculated material. Due to their length, such large, string-like flocs cannot be measured with standard instruments such as the LISST-100 or LISST-Holo, but could contribute significantly to the mass transport and environmental impact inland of the release point. These excessively large flocs appear to have been transported up to two kilometres horizontally from the release, or at least have formed from material that has been transported this far.
It is also not entirely clear why the fine tailings are transported west, but not the low-density large flocs, and why this feature remains persistent during the flood tide (Fig. 6E ). This could be related to the time-scale for megafloc formation, where the material that exits the plume is transported west first and is then pumped east, by which time flocs have had opportunity to grow. There could also exist a region of converging flow to the East of the release point, where high diatom abundance converges with the fine mine tailings, stimulating the creation of a new type of aggregate unique to this region. Detailed hydrodynamic and transport modelling may help to test some of these hypothesis, and we plan to pursue this in a future study.
In summary, there are three effective particle populations with different characteristics, which contribute to the total PSD surrounding the discharge location. This conceptual model, which is illustrated in Fig. 11 , is discussed in the following section.
Delineating particle populations
The use of volume (or number) concentrations is commonly adopted for presentation of in situ measurements of particle size distributions because optics-based instrument responses are sensitive to particle number and size, and not mass. Using a simple conceptual model (without complex image-based particle classification), relative proportions of volume concentration can be delineated by regions of dense-and low-density flocs, together with the concentration of particles making up the 10-25 µm peak in the PSD. The low-density flocs are dominant within the region to the East of the release below depths of 25 m. The high-density flocs are dominant directly below the release point. An outline of these regions where a specific type of particle dominates is shown in Figs. 12 and 11 .
In Fig. 13 , size distributions are merged in a similar fashion to that proposed by Mikkelsen et al. (2005) , by finding the maximum reported concentration in the overlapping size bins of the LISST100x and SilCam (excluding the upper four size classes of the LISST100x), and ignoring particles over 150 µm when calculating the concentration of 'Advected Fines'. Such a merging of these size distributions is non-trivial to justify due to differing measurement artefacts between the instruments Graham et al., 2012; Davies et al., 2011) . However, the smallest four size classes of LISST-100x data are also excluded so as to minimise potential aliasing from out-of-range sizes and particle composition effects Andrews et al., 2010) . It is important to note that the LISST-100 was only able to capture the size of material in suspension within the far-field where large flocs were low in concentration. The assessment of size distributions that include large flocs is only possible with the inclusion of analysis from the in-situ imaging (in this case, using the SilCam). Routine monitoring of such releases should take this into consideration when determining appropriate instrumentation.
Currently, it is difficult to obtain particle mass estimates together with the size distribution without in situ settling velocity measurements (Friedrichs et al., 2008) or filtration for bulk dry mass. However, it is possible to place some bounds on the mass concentration based on physical limits. Flocs cannot, for example, have a density greater than that of their primary particles, and in this case it would also be reasonable to assume that flocs cannot have a density less than sea water. From these two constraints the mass contributions for each particle type within the fjord can be estimated via scaling of the volume concentrations by assumed densities for each type. Volume distributions for each particle type are shown in Fig. 13 . In converting from volume to mass we assume that the density of the advected fines and high-density flocs is equal to the primary particle density (2.7 g cm −3 ). The lowdensity flocs are more challenging, and so we place bounds on their physically-possible mass distribution. First, the low-density flocs are assumed to have a density of sea water (1.025 g cm −3 ), producing a mass distribution indicative of the minimum contribution of the low-density flocs to the total mass. The maximum contribution is calculated in the same way, only with the assumption that the low-density flocs have a density equal to the primary particle density of 2.7 g cm −3 . This results in a range of total relative mass contribution, bound by hard physically-possible limits, of between 2% and 5% from the low-density flocs, and between 85% and 88% for the high-density flocs. The remaining mass would then be contained within the advected fines (7%-13%).
In summary, we propose that the particles that remain in suspension from the tailings discharge (i.e. outside of the primary plume), can be divided into three types, where densely-packaged flocs of approximately 300 µm sink rapidly below the release (likely over the duration of a single tidal cycle), and constitute approximately 85% of the total mass that does not sink inside the primary plume, a fraction of fine material comprising approximately 10% of the release mass is advected higher up in the water column, and the remaining mass is contained within macroflocs and megaflocs that become trapped within the lower water column to the East of the release. We anticipate that this information could be used in conjunction with numerical transport models, where the observed spatially-variant particle size distributions can be used to aid assessments of the significance of flocculation on the transport of the material. Key questions remain, however, on the degree to which the released mine tailings interact with naturallyoccurring particles in the fjord. Further observations are necessary to confirm the significance of organo-mineral aggregation in the area, including seasonally-variant measurements of the large, string-like flocs within the fjord.
Conclusions
Measurements of the spatial distribution of suspended material surrounding the submarine tailings placement site in Fraenfjorden, Norway, were obtained over flood and ebb transects of the fjord. Data from OBS (turbidity), LISST-100x, LISST-Holo and a bespoke particle imaging system were combined to characterise the size distribution and concentration of suspended particulates of up to 8 mm in diameter.
While useful in determining the distribution of the finest material recorded, OBS and LISST-100x measurements were insufficient at resolving the degree to which large flocs were present within the fjord. The highest concentration of mine tailings were found close to the release point, with some larger complex flocs (several mm in length) transported up to 2 km inland (East of the release). Fines where observed at low turbidity levels up to ∼ 3 km west of the release point, but could not be detected beyond this.
We have offered a conceptual model for three dominant classes of particles making up the bulk of our observations outside of the primary plume. Flocculation plays a major role in governing the distribution of material suspended in the water surrounding the discharge. Large, densely-packaged flocs of about 300 µm in diameter sink rapidly within a relatively small area surrounding the release point. Some fine material does not flocculate immediately, and is observed up to 3 (2) km kilometres west (east) of the release point at a depth of 20-30 m. We also conjecture that this material contributes, after some time, to the formation of megaflocs of several millimetres in length. These very large, lowdensity flocs appear to become trapped to the eastern (inland) side of the release point, and stay resident in the water column for long enough to be transported up to 2 km east of the release. From the long and string-like appearance of these flocs, we suspect that chain-forming diatoms present in the fjord are a catalyst for their formation.
The presented measurements do not permit exact determination of mass concentration from volume concentrations due to lack of information on densities of the observed particles and flocs. However, by combining reasonable assumptions with physical bounds on density, an estimated range of relative mass concentration for different particle classes observed in suspension outside of the primary plume, were obtained: 2%-5% megaflocs and macroflocs, 85%-88% dense flocs and 7%-13% fines.
